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Recent textile innovations have significantly transformed both the material structures
of fibers and fabrics as well as their sphere of use and applications. At the same time,
new recycling concepts and methods to re-use textile waste are rapidly being
developed and many new ways to make use of recycled and reclaimed fibers have
already been found. In this paper, we describe how the development of a new textile,
making use of recycled fibers, sparked the development of Textile Reflexes, a robotic
textile that can change shape. This paper elaborates on the development of the new
textile material, the multidisciplinary approach we take to advance it towards a
robotic textile and our first endeavours to implement it in a health & wellbeing
context. Textile Reflexes was applied in a vest that supports posture correction and
training that was evaluated in a user study. In this way, the paper demonstrates a
material and product design study that bridges disciplines and that links to both
environmental and social change.
sustainable textile, haptic feedback, posture training, wearable robotics

1

Introduction

This research is built on three convergent technological, material and social trends: a) the increased
proliferation of smart and electronics textiles in clothing and industry; b) the growing urgency to
build more sustainable materials and production cycles for fashion and electronics; and c) the
current interest in health and wellbeing via wearable sensors, devices and body-based training
applications.
While we consider these three axes of innovation: technological; environmental; and human to be
positive contributions to the design of the built and social landscape, we ascertain that a limited
body of research on the intersection of these fields and their combined, and potentially
contradictory impacts has been put forward. This paper aims to outline current research in the field
of smart fabrics, sustainable materials and design, and health / wellbeing wearable devices. We
This work is licensed under a Creative Commons Attribution-NonCommercial-Share Alike
4.0 International License.
https://creativecommons.org/licenses/by-nc-sa/4.0/

propose a possible design solution via a case study of the Posture Awareness Vest (PAV) that
integrates the Textile Reflexes fabric.

1.1

Textile Innovation & Sustainability in Fashion͒

Recent innovation in fibres and textiles have significantly transformed both their material structures
as well as their sphere of use and applications in various industries from fashion, to architecture and
industrial products (Braddock Clarke and O’Mahony, 1999; 2005; McQuaid, 2005; Peters, 2011;
Quinn, 2010). Specifically, smart textiles and fibres are increasingly engineered with the integration
of electronic circuits and sensors, which combine hybrid materials such as metals, plastics as well as
chemical and biological coatings and substrates that substantially complexify the material
composition of fibres and textiles. However, fashion, and apparel design is increasingly looking to
innovation in textiles to differentiate its product value and uniqueness, as well as expand its
functionality, life cycles, quality or costs. Notably sportswear has been developing high performance
textiles to enhance performance, comfort and mobility for sports (O’Mahony and Braddock, 2002;
Watkins and Dunne, 2015). In fashion, new forms of expressions stemming from the integration of
electronics, 3D printing and kinetic systems is re-mapping the future of design and personal
expression (Braddock Clarke and Harris, 2012; Genova and Moriwaki, 2016; Lee, 2005). Increasingly,
fashion designers are looking to develop custom and unique textiles to create bespoke collections;
design new consumer experiences and styles; as well as innovating with materials (Kettley, 2016;
Pailes-Friedman, 2016; Schneiderman, 2016). The craft and DIY community has also been a strong
proponent in teaching, supporting and facilitating the development of skills to experiment in hybrid
material production that includes the integration of electronics in textiles (e-textiles) and the use of
off-the-shelf electronics such as Arduino’s electronic components such as Lilypad designed for etextile crafting or desktop 3D printers for bespoke apparel and accessories (Ayala-Garcia and
Rognoli, 2007; Buechley, 2013; Buechley and Perner-Wilson, 2012; Hartman, 2014).
However, current fashion production represents the second most polluting industry in the world,
making sustainability an urgent concern for the industries of fashion design, apparel fabrication and
textiles (Sweeny, 2015). Over the past ten years there has been a growing interest and concern in
creating a more sustainable fashion industry, and as a consequence more sustainable, reusable and
low-environment impact textiles. Fashion and textile design schools, private companies and
designers are increasingly turning towards sustainable and recyclable materials and smaller or ondemand production chains to lower current carbon footprints related to the fashion industry and
minimize its impact on the environment (Nidumolu et al., 2009). Sustainability in fashion is both a
growing concern as well as a political engagement to produce better materials, products, and
relationships with consumers and ameliorate the health of the planet and residents (Black, 2008;
2013; Brown, 2010; Caniato et al., 2012; Fletcher, 2008; Fletcher and Grose, 2011; Gardetti and
Torres, 2013; Gwilt and Rissanen, 2011; Hethorn and Ulasewicz, 2008; Minney, 2012; Teunissen and
Brand, 2013).

1.2

Pathways to Developing Sustainability in Innovative Textiles

While smart and connected textiles trace a pathway to new uses and applications for fabrics and
fashion they also present new challenges for sustainability (Köhler, 2013; Köhler et al., 2013; Köhler
et al., 2011). One of the key challenges in creating sustainable textiles of smart wear applications is
the use of metals in textiles and the “possible end-of-life implications of textile-integrated electronic
waste” (Köhler et al., 2011: 496). Not only is the separation and procession of hybrid materials
complex, there is an added probability of metals and other electronic materials contaminating
textiles and fibres. We know already that electronic waste (e-waste) poses an important problem
and risk to the environment (Hilty, 2005; Kräuchi et al., 2005; Schluep et al., 2009; Widmer et al.,
2005). Furthermore, many of the materials used to create conductivity and enhance the material
function of fibres and fabrics are prone to leaching into water supplies when washed and thus
polluting them with heavy metals that are difficult to filter (Köhler, 2013; Köhler et al., 2011). In light
of these above points in regards to recycling an impact of use on the environment, it is worthwhile
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building an environmentally aware design strategy for smart fabrics and e-textiles that can
effectively curb the harmful effects of the materials used, and provide conscientious methods for
end-of-life use and recycling. It is these concerns that we aim to address and render transparent in
the design of the Textile Reflexes dynamic material and the Posture Awareness Vest (PAV).
A way in which designers can act on the issue of fashion and textile waste is through their role of
‘active makers’ of materials (Myers, 2012; Karana et al., 2015; Rognoli et al., 2015). This paper will
demonstrate a case of how the development of a new textile material sparked further innovation
into a robotic textile and its implementation in a health and wellbeing context. We will first outline
how the new textile material; Textile Reflexes, was developed. Subsequently, we will describe how
electronics were integrated into this textile material and we will demonstrate a first use application
of the developed robotic textile. Finally, we will discuss how this project is both an example of how
multidisciplinary collaboration can further advance the development of smart and electronics
textiles and of sustainable innovation touching on different societal challenges.

2

Textile Reflexes: a textile that engages with material sustainability

The Textile reflexes textile is made of separate squares that are stitched together along with a string
across the diagonals, connecting each square to the next in the corners. This way the corner remains
a flexible point and the connected squares can open and close, each responding to the movement of
the other. This way the textile can grow, shrink, fold and bend. The flexibility allows it to respond to
the shape of the human body allowing for some flexibility in sizing and allowing freedom for
movement. The textile works best though, on a flat, horizontal surface, where gravity has no effect
on it. When applied vertically, for example, in a dress, gravity pulls the textile in its opened position.
This can be adjusted with elastics where it needs to be tight, for example in the waist. Figure 1
shows the moving squares textile in open and in closed position.

Figure 1. The moving squares material in closed (left) and open (right) position.

2.1

Development of Textile Reflexes

The development of Textile Reflexes started after an introduction to a recycled textile waste felt
material. This material was made out of post-consumer textile waste. The felt was stiff, sturdy and
had a surface that showed small patches of colour stemming from the different garments the textile
waste was made out of. This interesting surface went unnoticed in earlier applications of the
material. The material had so far mostly been used to isolate floors, in the automotive industry, and
in other applications where it remained invisible.
Due to its stiffness, the material was not immediately suitable to make garments or fashion
accessories. The development of Textile Reflexes started as an exploration to find a solution to that
problem. How to make a stiff, sturdy textile flexible and suitable for creating wearable garments and
accessories? The first and obvious thing to do was cutting it in pieces and gluing it on a base fabric
with some space between the pieces. The result was a flexible material with largely the
characteristics of the material it was glued on. The principle reminded too much of the well-known
Prism Tote Bag by Issey Miyake. The next challenge was to find a way to make the felt flexible by its
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own and create an original design with it that would also make its distinct qualities more visible. In
the end a similar principle of cutting the felt in pieces and putting it back together was used, but this
time without a base material, just by stitching the pieces together in the corners. A string with a
contrasting colour was used in the stitching to create a strong connection that also adds a playful
effect that invites interaction.
The materials used in Textile Reflexes have a low impact on the environment. Next to not adding to
the massive piles of textile waste that are already problematic, it also supports environmental
consciousness by actually showing the recycled quality of the material and making people aware of
the benefits of recycling textile waste.͒

3

Robotics innovation for textiles

Textile Reflexes is an innovative material but also a kinetic system. This unique quality of the material
triggered the exploration of making Textile Reflexes a robotic textile. Robotic textiles as (elements
of) garments could provide very different tactile experiences when compared to existing textiles. A
robotic textile that changes shape could be compared to a soft muscle that can apply or release
pressure. This type of interaction is what we wanted to create because it would enable us to explore
new forms of feedback that can be intuitively understood and are arguably more comfortable.

3.1

Smart textiles, feedback and coaching / training

A robotic textile can change shape that allows for giving haptic feedback. It has (literally) a close
impact on people. Given those opportunities, it makes sense to implement such a textile in a
coaching or training context. Haptic feedback has a great potential because it provides physical input
on the body and uses new channels for non-verbal communication. For applications such as posture
improvement, we also expect that providing haptic feedback at the exact location of the body where
a reaction (from the wearer) is needed, will require less cognitive load than, e.g. visual or auditory
feedback that would require an understanding of what action needs to be taken considering the
feedback provided. Moreover, haptic feedback is not only another way of perceiving information, it
also includes another experiential dimension. People attribute meaning to signals they feel on their
body as becomes apparent from language. We use phrases such as “a tap on the shoulder” to
indicate approval, “back in the back” to indicate support and “hold me tight” to indicate a feeling of
safety. See Ludden & van Rompay (2015) for a more extensive account of how touch can be
experienced at different levels of experience.
In most available devices and applications that incorporate haptic feedback vibration motors are
used, similar to those we find in, for example, smart phones. Their advantage is that they are cheap
and easy to integrate. However, they only cover a very limited spectrum of tactile reception, even
for vibration other frequencies or patterns can be sensed by humans. Pressure, which can be given
through touch or as an embracement, is another dimension of haptics that can be explored. There
are various experiments with inflatables creating pressure on the body (see, e.g., The, 2009;
Neidlinger, 2017), but none of them seem to satisfy criteria on wearability since the compressors
that are used for such application come at a considerable size and with a certain amount of sound.
As a first step towards integrating the innovative robotic textile into an actual coaching wearable, we
decided to start from the most direct form of feedback, that of giving direct physical feedback as
information. For this type, the feedback that is given on the body can lead to direct action starting
from the actual position where the feedback is given. More specifically, we chose to integrate the
robotic textile in a Posture Awareness Vest (PAV). A PAV is meant to provide support in posture
correction by making people aware that they are slouching. Slouching means taking on a lazy
posture that is characterized by excessive muscle relaxation and a bent head and shoulders. This
could either be in a sitting, standing or moving mode. Slouching may result in headaches, pain in the
back or in the jaws. A better posture is recommended to prevent these health-related issues.
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3.2

Integrating electronics

To develop the electronics needed for the PAV, we had to design solutions focused on both sensing
(sensing slouching) and actuating (making the Textile Reflexes material contract and thereby
providing haptic feedback).
For sensing slouching different solutions are possible, e.g. a bend sensor below the sternum (Pfab,
2015), strain sensors on the back (Mattmann, 2007), or accelerometers, either single or multiple (see
e.g., Wang, 2015). For this application we decided to use a combination of two sensor boards
including both an accelerometer and a gyroscope. One reason is that we wanted to make use of an
accelerometer for activity detection (for example, because we might decide not to provide feedback
on slouching while a wearer is active). The decision for two accelerometers/gyroscopes was made
because a single accelerometer cannot sense the relative position of the upper spine with respect to
the lower spine, which we consider to be a main characteristic for posture. A single accelerometer
might only detect whether the shoulders are in correct position, which still allows for many different
ways of poor posture. Because of this, using only one accelerometer might result in both too many
false negatives as well as false positives.
Solutions to actuate the textile are also diverse, and all come with different disadvantages. In a
series of experiments, illustrated in Figure 2, we explored motors, DC (rotational) and linear ones,
and air muscles (also known as McKibben artificial muscles or braided pneumatic actuators). General
disadvantages of motors are that they are bulky and make noise, which makes them less useful for
integration in a textile material and which might also impose problems when used in daily life.
A property of Textile Reflexes is that the locally actuated movement of one or more squares
propagates over all other squares, i.e. moving one square results in all other squares also moving.
However, when wearing the textile, friction with other garments limits this property, excluding
solutions for actuation that only move single squares. A more adequate solution would therefore be
to actuate a full length of squares that have to be pulled together. We found that this could be done
by using the McKibben artificial muscles (see far right image in Figure 2).
The exploration of possibilities for actuation in this project is ongoing and will include other
actuation mechanisms with motors, more elaborate experiments using McKibben air muscles, linear
magnetic actuators, and, most promising, knitted artificial muscles (Maziz, 2017). The latter seem to
fit smoothly to the required full-length actuation, can easily be integrated in a textile material
because they are made of textile material themselves, and are silent.

Figure 2 actuation with a DC motor (both left), a linear motor, and a mcKibben air muscle.

4

Posture Awareness Vest (PAV) Using Textile Reflexes

In the previous section described the haptic feedback that the robotic textile could provide when
applied in a garment and how it might be used in a coaching context by way of a Posture Awareness
Vest. Other researchers have explored posture correction through wearable technology as well via
commercially available products such as the Lumo Lift (Lumo, 2017). Drawbacks to many of these
existing devices and wearables can be found in how they apply feedback (vibration) at different
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points of the body (often at the upper front body) than where the posture correction is actually
needed (the lower back and shoulders). To explore the benefits of using a different type of feedback
(pressure rather than vibration) at a more suitable location (at the direct location where action
should be taken) we performed a first user evaluation study with a prototype of our PAV.

4.1

Usability and Testing Results for PAV

For our purposes, we created a first prototype of a posture vest that uses the robotic textile in the
back and that will in this way be able to give direct feedback at the place where users of the vest
should start correcting their posture. We aim the first user evaluation at determining the best
position for tactile feedback on posture using the Textile Reflexes vest. Additionally, the study was
aimed at obtaining a first user evaluation on the perceived quality of the tactile feedback. Quality of
feedback includes comfort, noticeability, distraction, and effectiveness. Finally, we aim to
understand people’s willingness to wear a vest for posture feedback.

4.1.1 Stimulus and participants
For this study we have used a first prototype of the Textile Reflexes vest (Figure 3). This prototype
did not have electronic actuators but was operated manually. For this, we integrated strings in the
vest that, once pulled, contracted the vest for tactile feedback. The vest allowed for tactile feedback
at three different locations in the back panel of the vest: the upper part, the middle part, and the
lower part. The textile reflexes vest was designed for women. Therefore, the participants of this
study were all women. We invited twenty female students, aged between 19 and 25 (mean age 21)
to participate in our study.

4.1.2 Procedure
The experiment consisted of three phases: an introduction phase, a test phase, and an evaluation
phase. Participants performed the evaluation individually. In the introduction phase, the participants
were introduced to slouching. Through a short questionnaire, the participants were asked about
their experiences on slouching and their willingness to correct their posture. The participants were
then, in the test phase, asked to put on the Textile Reflexes vest. The participants were wearing the
vest over their normal clothing but coats and vests had to be taken off. Participants were asked to sit
down and type out a text on the laptop that was standing on the table in front of them. When the
participants started slouching, the experimenter would pull the upper strings of the vest, for upper
back feedback. The participants were afterwards asked to assess the upper back feedback on four
seven-point scales to assess comfort, noticeability, distraction, and effectiveness of the feedback.
General comments that participants gave were noted. This procedure was repeated for the middle
back feedback and the lower back feedback. Finally, in the evaluation phase we again asked
participants which of the three locations for feedback was preferred and assessed their willingness
to correct their posture using the vest.

4.1.3 Results
The introduction phase of the experiment indicated that all our participants are aware of their own
slouching and would like to improve their posture. 14 out of 20 participants indicated that they
experienced pain in their bodies that could be the result of slouching. Of all participants, 8 indicated
to be willing to use a technological aid to improve their posture. On a seven-point scale, the
willingness to use a technological aid was rated 3,75 average.
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Figure 3. First prototype of PAV (top) and location of strings used in user evaluation test (bottom).
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Table 1 shows the results of the test phase. It illustrates how participants rated the types of
feedback given on three different locations of the back on the scales that measured the quality of
the feedback.
Table 1: participants’ appreciation of three types of feedback

Upper back

Middle back

Lower back

Comfortable

5,58

5,21

5,11

Noticeable

4,55

5,30

5,45

Distracting

4,45

4,40

4,30

Effective

3,20

4,35

4,60

From Table 1, we can see that the feedback at all locations was perceived as rather comfortable
(scores range from 5,11 to 5,58) and noticeable (scores range from 4,55 to 5,45). Moreover, the
three types of feedback were almost equally rated as moderately distracting. In terms of how much
the feedback invited participants to sit straight, (i.e., the effectiveness of the feedback), the
feedback given at the lower parts of the body seemed to work better than the feedback given at a
higher position (scores range from 3,20 for upper back feedback to 4,60 for lower back feedback).
Finally, the evaluation phase of the experiment illustrated that 1 out of 20 participants preferred
upper back feedback, 10 out of 20 appreciated best the middle back feedback and 9 out of 20 valued
most the lower back feedback. Further, whereas in the introduction phase only 8 participants out of
20 indicated to be willing to use a technology for posture improvement, now 15 out of 20
participants said to be willing to use the Textile Reflexes vest for the improvement of their posture.
Ratings about willingness to use wearable technology for posture correction were as well slightly
higher after participants had experienced the tactile feedback of the vest than before (3,75 before
and 4,35 after). Comments that participants gave, indicated that they would prefer to use the vest at
home and that the behaviour of the vest should be controlled so that it will not be annoying (“The
vest should not correct me every time I am slouching”).

4.1.4 Conclusions
As participants perceived slouching as a problem, they were willing to improve their posture. A
minority of participants was willing to use a technological solution to improve their posture before
the experiment. After the introduction of the Textile Reflexes vest, the majority of participants were
willing to use the vest for posture improvement. The Textile Reflexes vest was appreciated for its
intuitive feedback and its nice and inviting aesthetics.
First, the participants of the experiment mentioned that the feedback at the place where users
should start correcting their posture, felt intuitive (“It just makes me sit straight”). Being stimulated
in the bending parts of the back, made users automatically correct their posture. Especially
stimulation at the lower parts of the back felt most intuitive. The intuitive feedback felt more
effective than a non-intuitive feedback. Moreover, the participants appreciated the feedback for
feeling subtle.
Second, participants’ improved willingness to use a technology for posture correction after the
experiment had to do with the design of the Textile Reflexes vest. Participants indicated to be willing
to use the vest because of its aesthetics (“The piece of clothing looks nice”). Participants’ conditions
on use refer to price (“If I could afford it, I would love to use it”). As well, it should be mentioned
that some of the participants would not like to wear a posture correcting technology that is visible to
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others (“When it was more an undershirt I would like it more”, “I would use it when it is invisible
under my clothes”).
Participants finally indicated that they believed that their response to feedback on posture would
change when becoming habituated to it. Participants on the one hand believed that becoming
habituated to the vest´s feedback would make them unconsciously improve their posture directly.
On the other hand, participants indicated that becoming habituated to the feedback would make it
ineffective. This should become clear in future studies.
As a conclusion, a Textile Reflexes vest could contribute positively to users’ posture. Feedback right
on the bending spot, at the lower part of the back, creates an intuitive type of feedback that feels
comfortable, yet is noticeable. It is creating a right amount of distraction to stimulate posture
improvement. The textile squares make the Textile Reflexes vest look nice. This invites more for use
than unpleasant looking technologies. Yet, some of the participants prefer to keep invisible to others
their use of a technology for posture improvement.

5

Discussion

In this paper, we have brought together three convergent trends that emerge from larger societal
challenges: technological, material, and social innovation with sustainability. From this convergence
of trends, and emergent challenges, we have introduced the development of a PAV using the Textile
Reflexes material. By doing so, this project serves as an example (albeit on a modest scale) of how
material innovations can lead to innovations that contribute to better materials and methods for the
benefit of society. Though our design and impetus emerges from structural concerns of material
sustainability and physical well-being, we are also interested in how such a holistic approach to
design might propose “emotional” durability in design (Chapman, 2003; Chapman, 2005; Flores and
Roldo, 2012; Stead et al., 2004).

5.1

Considerations on multidisciplinary

We believe that current concerns in the environment, health and wellbeing, and technological
advancement are interconnected and interdependent. It is for this reason that we approach our
design inquiry and prototypes to reflex convergent interests and concerns. A multidisciplinary
approach, such as we propose with the Textile Reflexes-base PAV provides a starting point to
tangibly test the viability of a sustainable technology. We believe that the future of textiles and
material innovation will become increasingly complex and hybrid; and for this reason, we wish to lay
out pathways to pre-emptively interconnecting issues (environment; posture) that are not often
considered in an equally weighted fashion.
The development of the PAV was a joint effort of designers and researchers from different
disciplines; fashion and textile design, (interaction) design and computer science. The combination
of disciplines was essential to drive the innovation put forward and could only work because the
while all researchers had a specific background, there was also considerable overlap in expertise
which allowed mutual understanding (for example, both the interaction designer and the computer
scientist had worked on wearable technology before and had a maker attitude, while the textile and
fashion designer had a clear interest in research on smart textiles). To further advance research and
development in smart and electronics textiles as well as to further explore how material innovations
can spark sustainable innovation, working multidisciplinary while being open to learning is essential.
Acknowledgements: We would like to thank the Designlab at the University of Twente for
providing a working place where multidisciplinary work thrives and its students for their
participation in the user study. The work leading to this invention has received funding from
the European Union Horizon 2020 Program under grant agreement no 732089.
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